INTRODUCTION
The laser/particle injection process has proven to be a versatile technique of coating metals with ceramic particles to meet extreme requirements of wear and corrosion resistance. Because of its high energy density, the laser beam is able to melt the metallic substrate and may even partly melt the ceramic powder. As a result, a solid bonding can be formed between the ceramic and the metal. However, as the physical properties between ceramic and metallic materials are much different, e.g. the crystallographic structure and the thermal expansion, cracks usually develop at the ceramic-metal interface as well as inside the coating during the rapid solidification and cooling processes. In this paper, the orientation relationship and the coherency of laser melted Duplex steel 2205 interface with Cr203 is investigated by transmission electron microscopy. This system was chosen because of the small difference in thermal expansion coefficient between the oxide and Duplex steel. The thermal expansion coefficient of Cr203 is 9.6.10 -6 [1] from 20 to 1400°C, of Duplex 2205 8.6.10 -6 [2] from 20 to 400°C. The chemical composition of the Duplex SAF 2205 is listed in Table 1 .
Obviously, a good adhesion of the ceramic-metal interface may prevent the formation of interfacial cracks. Chemical reactions between ceramics and metals may lead to a good wetting. Therefore a reaction bonding technique has been developed in the ceramic-metal joining [3] . A spinel phase has been reported [4] to form at the interface between liquid iron and the oxide AI203. Using X-ray diffraction we reported recently [5] on the presence of a FeCr204 spinel structure in Cr203 laser coated steel. It was concluded that a good adhesion and crack free ceramic coatings can be obtained if this spinel is formed at the ceramic-metal interface. On the other hand it should be noted that in some systems, e.g. alumina-nickel there is a critical thickness above which fracture occurs at or near the spinel-metal interface [6] . S139 
EXPERIMENTS
A 1.5kW CO2-1aser, Spectra Physics 820, was applied for the laser coating, which was operated at I kW with a scan velocity of 20 ram/s, beam diameter of 0.6 nun and 60% of overlap under a protective atmosphere of Ar as shielding gas. A powder mixture of Cr203 and pure iron was brought into the laser beam instead of pure Cr203 in order to form a spinel structure inside the coating. The composition of the precursor powder mixture is Fe:Cr203 --1:2 (mol wt). The size distribution of the Fe powder peaks around 10 #m whereas Cr203 powder shows a broad distribution ranging from 5 to 45/~m. The melting point is 1535°C for Fe and 2266°C for Cr203. The composition analysis of the laser processed coating by EDS (energy dispersive X-ray spectrometry, see [5] ) indicates that about 50% of the available iron powder has been diffused into the oxide particles. In this way, according to the composition, the product of the reaction between Cr203 and Fe will be FeCrsOi2 or (Fel/3Cr2/3)Cr204.
Duplex steel SAF 2205 was used as substrate materials. After laser processing, the surface structure of Duplex SAF 2205 transforms into a single phase of b.c.c. A cross-section through the coating and substrate can be found in [5] . The thickness of the coating is in the order of 100/zm. The structure was investigated by X-ray diffraction and then identified by electron diffraction. A transmission electron microscope (TEM) operating at 200 kV was used (JEM 200 CX). The TEM specimens were dimpled to about 30 #m in the centre and thinned by ion milling afterwards.
EXPERIMENTAL RESULTS

Microstructure of the coating
Both by X-ray diffraction and electron diffraction it was found that the coating consisted largely of grains with a spinel structure of FeCr204. Here we should emphasize that the crystal structure, but not the composition, is that of FeCr204. EDS data and the phase diagram are presented in Ref. [5] from which it may be concluded that large deviations from stoichiometry are presumably due to this far from equilibrium processing route. Figure 1 shows typical spinel grains inside the coating. Still there remain iron particles inside the coating which are distributed between the spinel grains. Figure 2 displays such a b.c.c, iron particle bound by spinel particles. During the phase transformation many planar faults, e.g. stacking faults and twinning, were induced in the spinel particles, some of which lie on the closest packed planes of {111 } spinel. Cracks could be observed along some grain boundaries. No cracks appear in the spinelb.c.c, interface, probably because of the good wetting between spinel and liquid iron, although stresses due to solidification and coefficient of thermal expansion mismatch could dominate this behaviour as well. The wetting angle of liquid iron with FeCr204 spinel is 72 ° at 1600°C in air [1] , i.e. smaller than 90 ° for wetting to occur. In some cases, a cubic-on-cubic orientation relationship could be observed at the interfaces between iron and spinel particles. Figure 3 is a diffraction pattern which is identified to be the orientation relationship of 0II) spinel//(1T0) b.c.c. and [110] spinel/[ll 1] b.c.c.
Spinel particles in a b.c.c, matrix: Duplex steel SAF 2205
In contrast to the Fe particles inside the coating, the spinel particles found in the steel matrix have a spherical shape. Here we mean the spinel particles completely enclosed by the matrix. Figure 4 shows one spinel particle surrounded by the b.c.c, matrix. Similar to the spinel structure of the coating, many planar faults are observed inside the particle, which are mainly on the closest packed plane of {11 l} spinel. However, only a few faults could be observed in some small spinel particles which are much smaller than the smallest size of the particles of the precursor Cr203 powders. They may be formed from the solidifying liquid. Sometimes, a superlattice diffraction pattern could be detected from the spinel particles. This pattern may be caused by the off-stoichiometric disorder of the spinel particles in comparison with the perfect FeCr204 spinel structure. Figure 5 displays such a pattern. Several types of crystallographic orientation relationship have been determined in our experiments at the interface between the spinel particles and the b.c.c. matrix. Table 2 
DISCUSSION
There are two types of spinel, normal spinel and inverse spinel [7] . In normal spinel with the stoichiometric composition of AB204, the oxygen atoms form an f.c.c, sublattice whereas A occupies tetrahedral interstices and B octahedral ones. In inverse spinel of B(AB)O4, half of B occupies tetrahedral interstices and the rest of B and A are at octahedral sites. According to the size of both the interstices and the ions of iron and chromium, the inverse spinel is more favourable at the stoichiometric composition FeCr204. However, in general, oxides exhibit deviations from the stoichiometric composition [8] . Furthermore, since in our case the spinel does not match with FeCr204 stoichiometry, based on EDS observation, and is heavily distorted, there is not much of a point in distinguishing whether the spinel is of the normal or the inverse type. Table 3 lists two references of the ASTM data about this spinel FeCr204. One is cubic and another is tetragonal. Our X-ray diffraction data suggest that both of the spinels exist. For simplicity, the cubic spinel was selected for our discussion, because there is only little difference as far as the lattice constants are concerned.
According to the EDS results from which it was concluded that 50% of Fe has diffused into the Cr203, the product of the reaction between Fe and Cr203 could be (Fel/aCr2/3)Cr204. In comparison with the stoichiometry FeCr204, two thirds of the interstices for iron are occupied by chromium. If the interstice for Fe in the oxide is not occupied by Fe, some Cr203 cell may be preserved because the product is a non-stoichiometric and inhomogeneous spinel. Here the stacking sequence of hexagonal Cr203 on the closest packed plane is ABABAB .... and that of spinel is ABCABC .... Supposing the spinel is directly transformed from the closest packed plane of Cr203, i.e. some planes of the hexagonal structure will move ~(112) by shearing to form a cubic structure of spinel. Twinning may be induced during the shearing and some hexagonal cells or planes remained in the spinel crystal may act as stacking faults on the closest packed plane of { 111 } spinel. For instance, the stacking sequence of twinning could be ABC(ABA)CBA, and those of stacking faults may be ABC(AB)ABC and ABC(B)ABC. More detailed transmission electron microscopy is underway to be more specific about the nature of these faults. According to the lattice parameters in Table 3 , the most favourable interface of spinel-b.c.c, is (001) spinel//(001) b.c.c, in the direction of [100] spinel//[110] b.c.c. It has to be added that according to the X-ray diffraction data performed on these coatings [5] non-stoichiometry of the spinel structure does not seem to affect the lattice parameter. Therefore, the lattice misfit on this particular interface orientation is estimated to be only about 3%. However, this type of orientation relationship was not observed. In most cases the interfaces are parallel to the closest packed planes although the lattice misfit on the (lIl)spinel//(lI0) b.c.c, interface is very large, of about 20% in the direction of [110] spinel//[ll 1] b.c.c, and 2% in the direction of [101] spinel//[010] b.c.c. Therefore, the spinel-b.c.c. interface may not be coherent. Similar results have been reported by HREM and CTEM [9] [10] [11] [12] about the interface of an oxide and a metal matrix. A cubic-on-cubic orientation relationship was observed but the interface was not coherent.
It is not exceptional that the orientation relationship does not coincide with the lattice misfit, since a lattice having almost identical atom matching often exhibits no tendency for easy heterogeneous nucleation and liquid-phase epitaxy may occur between lattices of widely different lattice spacing instead [13] . As early as 1955, Turnbull [14] has already pointed out that the energy of an interphase boundary has both a structural and a chemical component. The chemical component arises because atoms at the boundary have a certain proportion of neighbours of the "wrong" species across the boundary. Usually, however, because of metal-metal interfaces interest is mainly focused entirely on the structural component [15] . Then the orientation relationship should coincide with the interface coherence to attain the lowest free energy. In contrast to the metal-metal interface, the chemical component may play a crucial role for the oxide-metal interface, since there might exist a strong interaction between ions of oxygen and metals. Beside ions, in particular structural defects in ceramic materials carry localized charges and consequently a substantial bonding is expected based on image charges of these localized defects in the metallic jellium. Therefore significant binding between metals and ceramics can be attained even for incoherent boundaries [16] [17] [18] .
No cracks have been observed at the interface between a spinel particle and the b.c.c, matrix irre-speetive as to whether a crystallographic orientation relationship exists. This observation is in line with the observed difficulty to coat SS304 in comparison with duplex steel [5, 19] .
CONCLUSION
After laser processing, the hexagonal Cr203 has reacted with liquid iron and transformed to the spinel phase. As the coating is a rapid melting and solidification process, iron could not react with the Cr203 grain completely, and the spinel becomes nonstoichiometric, in which many planar faults exist mainly on the closest packed plane of the spinel phase.
Crystallographic orientation relationships have been observed for the interfaces of spinel-b.c.c. But these interfaces can not be completely coherent because of the large lattice misfit on them. Even though no cracks have been observed at the interfaces at which a crystallographic orientation relationship exists.
